Passive acoustic detection and localization of small surface craft has a number of practical applications, such as monitoring and protecting sensitive marine habitats. Moored passive equipment can be cumbersome to deploy and communicate with, so AUV-mounted devices are being investigated as an alternative. The GLASS'12 experiment was designed to assess the feasibility of using a hybrid autonomous underwater vehicle outfitted with a compact volumetric nose array as a data collection platform. The array consisted of 5 vertical elements and 4 in a tetrahedral arrangement, and the hybrid underwater vehicle had the capability operating in either glider or propeller-driven modes. The rigid design of the array minimized element location mismatch, and enabled the use of aggressive adaptive beamforming in 3-D. This facilitated isolation of broadband multipath arrivals originating from the motor of a small rubber boat. Cross-correlation of beams enabled the time-lag between the arrivals to be measured, which, in turn yielded information about the target range. The underlying formulation bears similarity to the passive fathometer [J. Acoust. Soc. Am. 120 (3) 2006] which exploits surface wave noise rather than ship noise. This presentation will focus on the array beamforming and potential applications for localization and environmental sensing.
INTRODUCTION
It has been shown that by cross-correlating ambient noise from the end-fire beams of a vertical line array, a reflectivity profile of the seabed can be constructed. Siderius et al. (2006) called this technique the passive fathometer since it relies solely on naturally occurring noise. Its modus operandi is to pulse compress downward-traveling broadband surface noise with an upward-traveling reflection of that noise from the seabed, and plot the resulting time-series on a two-way travel-time axis converted to depth. This shares many similarities to a matched filter (as would be used in the processing back-end for an active fathometer) in which the active source is replaced with the output of a beamformer steered at the surface, and the "received" waveform comes from the conjugate beam steered at the seabed. Siderius et al. (2010) further demonstrated that adaptive beamforming (Cox et al., 1987) could be employed to reduce interference from non-vertically-traveling waves. For a noise field in a typical ocean environment, non-vertically-traveling waves are the dominate acoustic features. This is because vertically-traveling waves originate from wind and breaking waves in a small patch of the ocean surface directly overhead the array. This signal is superimposed on noise originating from other areas of the surface and seabed, as well as refracted acoustic energy generated by distant natural and anthropogenic sources. Harrison (2008) showed that the same passive fathometer formulation could be leveraged for detecting targets placed between the array and the seabed. With sufficient averaging time, weak reflections from glass spheres were detected and appeared as small peaks in the cross-correlation time-series. When the spheres were removed, the peaks correspondingly disappeared.
These techniques are considered "coherent" insofar as they rely on being able to find exact signal replicas using cross-correlations. In contrast, "incoherent" geoacoustic methods have been developed (Harrison and Simons, 2002 ) that instead compare the relative power between conjugate beams to ascertain angle-dependent reflectivity properties of the seabed. The quantity being measured from each beam is signal energy, but the beams are not compared using a cross-correlation operation. The analysis presented in this paper differs in that it does perform a coherent comparison between beams steered at oblique angles (that are not necessarily conjugates of each other).
These techniques are but a handful of examples that have demonstrated the feasibility of using naturally-occurring noise for environmental analysis or target detection. This raises the question of to what extent anthropogenic noise can be leveraged for other passive sonar applications. Some forms of anthropogenic noise, such as wake and propeller noise, radiate in the same frequency band as wind and breaking waves from a rough surface. Unlike surface noise, most small surface craft have higher source levels and behave as point radiators. Source distribution and source level are perhaps the primary differences between noise generated from a nearby ship, and noise from a rough surface.
This study analyzes two passive sonar methods for localizing a small boat using an AUV-mounted volumetric hydrophone array, known as the Folaga, shown in Fig. 1 . The first method is based solely on narrow-band beamforming, while the second extends beamforming to refining the target range using time lag between multipath arrivals. The time lag calculation is almost identical to the adaptive passive fathometer processing, which is based on pulse compression of broadband noise. These results are derived from a particular set of data collected during the GLASS'12 experiment in which the AUV was moored to the seabed, and a small rubber boat target maneuvered in the vicinity. The stationarity of the array provided for a good ground truth estimate of the location of the boat relative to the array, based on GPS records of each.
In a similar study, small boat localization was investigated in Gebbie et al. (2012) bottom-mounted hydrophones to analyze the lag times between the most prominent multipath arrivals. This study differs in its use of different equipment (a portable volumetric array versus two fixed hydrophones spaced at 11 m), its use of adaptive beamforming, and the cross-correlation of beams.
EXPERIMENT
The GLASS'12 experiment was conducted in July 2012 off the coast of northern Italy near La Spezia. The purpose was to investigate potential uses of an AUV affixed with a nose-mounted array. In one deployment, the AUV was secured to a rigid structure and moored at 1.85 m above the seabed. The water depth was approximately 20.5m. GPS coordinates of the array were taken during deployment.
The Folaga array is show in Fig. 1 and consisted of eight elements; five in a vertical configuration, and three offset from the center element to form a tetrahedron with the center element. The spacing between the vertical elements, as well as lengths of each edge of the tetrahedron, was 10 cm.
A small rubber boat with an outboard engine outfitted with a portable GPS data recorder maneuvered in the vicinity of the array. In this paper, a particular snapshot is analyzed in which the boat is slowing approaching the array from the northwest at roughly 2.9 m/s, and is at a range of roughly 100 m.
METHODOLOGY AND RESULTS

Adaptive Beamforming and Correlation Processing
The plane-wave response on an array of arbitrary geometry is v(u) = e ika T u , in which k is the wavenumber, a is the array manifold that specifies the position of each element, and u is a unit vector indicating the direction of wave propagation (Van Trees, 2002) . The modeled response, v, is also called the "steering vector," and can also take on more complex forms, such as incorporating wavefront curvature, or even pressure field simulations akin to those used in Matched Field Processing (MFP). The conventional frequency-domain phase-and-sum beamformer is defined as b = w H CONV p, in which w CONV is the weight vector and p is the received spectral value. The term w CONV is derived from a modeled response on the array as w CONV = 1 N v(u), which satisfies the "distortionless" constraint w The power output of an arbitrary beamformer with weights w can be derived as
in which K is the cross-spectral density matrix (CSDM), and can be estimated from real data by averaging successive snapshots. An example conventional beamformer output using all eight elements of the Folaga array is shown in Fig. 2 .
The minimum power distortionless response (MPDR) adaptive beamformer is defined in Van Trees (2002) as
in which v is a steering vector, and K is the sample-averaged CSDM. This is a least-squares solution to min w white noise gain constraint parameter to automatically control the degree of adaptivity. White noise gain (WNG), , can be added without considering the gain constraint as
This is tantamount to performing diagonal loading and is used to stabilize a rank deficient K for inversion, or to compensate for mismatch errors in element location. An example of Eq. 2 is shown in Fig. 3 for = −30 dB. Note the dynamic rejection of most of the energy coming from directions other than from the boat. Siderius et al. (2010) used Eq. 2 to dynamically reject oblique interferers recorded by a vertical line array (VLA). In the adaptive passive fathometer formulation, Eq. 2 is used twice for each w in Eq. 1, once for the upward facing beam, and once for the downward facing beam, resulting in S up,down = w 
Multipath Arrivals
In shallow water, it is often appropriate to make an isovelocity assumption. If data is collected in an area of flat bathymetry, this simplifies raytrace modeling considerably. For a small boat target of known location, and an array of known location, calculation of the eigenrays is a straightforward matter of using image theory (Jensen et al., 2000) . From the position of each image, the direction of arrival on the array of that eigenray is readily determined. If it is further assumed that the seabed consists of a halfspace, all eigenrays pass entirely through water, so their absolute arrival times depend solely on the distance they each travel. The algorithm presented in this paper uses correlation processing, thus the measured quantities are relative arrival times. These are computed by taking differences between absolute arrival times. Due to scattering, absorption by the seabed, and additional spherical spreading loss, multipath arrivals are generally less intense than the direct arrival. Higher-order multipath arrivals that undergo additional boundary interactions have even less intensity at the array. Fig. 4 shows the same data from Fig. 3 plotted on 2-D axes, which clearly shows the single-bounce multipath arrivals.
Ambiguity Surface: Beamforming Only
The boat localization techniques are represented as ambiguity surfaces. These are distributions over the ocean surface giving an estimate of the likelihood of the target being at each position.
Let x be a point on the surface in the vicinity of the array, and f be the position of the center of the Folaga array. A wave generated from x and incident on the array arrives at direction d(x) = f−x f−x , in which · is the 2-norm. Let B(d) be power output of a beamformer from (Eq. 2) focused at direction d. Note that this assumes the point is in the far field.
The first ambiguity surface generating function involves projecting the received energy directly at the surface as
The main disadvantage of this is that it neglects multipath arrivals which are incident at roughly the same azimuthal angle, but stacked in elevation, leading to poor range resolution. A single snapshot of this is shown in Fig. 5(a) . 
Ambiguity Surface: Cross-Correlating Multipath Beams
The second ambiguity surface function considers the time lag between the direct and the bottom multipath arrival in order to refine range. After beamforming to map the directionality of incident arrivals, as shown in Figs. 3 and 4 , the strongest direction is chosen and assumed to be the direct arrival. Note that for surface vessels, this would be constrained to the upper half of the elevation angles. Constraining to a narrow region around that particular azimuth direction, the elevation of the strongest arrival from the seabed is then selected and assumed to be the arrival from the bottom image. Steering vectors are then constructed to focus the array on each of these arrivals, and then cross-correlated using Eq. 3. Note that while beamforming was performed in a narrow band, the cross-correlation must be done over a wider band such that pulse compression can be performed. In this experiment, beamforming was done at 7.5 kHz, since that is the design frequency of the array, and the band used for cross-correlation was 500 -10000 Hz. After this is transformed into the time domain, the result is shown in Fig. 6 . The time series has been enveloped and converted to a decibel scale. The annotation shows the expected time delay between the arrivals based on the additional travel distance incurred by the bottom image, and this matches well with the strongest correlation peak.
To utilize this lag estimate for range estimation, Eq. 4 is extended by multiplying an additional term. Let the offset of the strongest time lag peak be τ. For each surface point, x, a raytracer can be leveraged to compute an expected time lag, τ(x) . The width of the correlation peak is a function of the bandwidth used for the cross-correlation, f bw . So, the ambiguity function should be scaled based on the deviation between the measured τ and predicted τ (x) . A Gaussian kernel is selected for simplicity, allowing the ambiguity surface to be defined as
The term σ is defined as σ = 1/(2 f bw ) giving the Gaussian the correct width, and the term κ serving as a parameter to provide further width scaling and is specified in units of σ. In this analysis, a value of κ = 1/2 was experimentally determined. The second ambiguity for the same snapshot is shown in Fig. 5 (b) in which the range has now been significantly refined. Fig. 6 shows a strong correlation peak due to the reflection of boat noise from the seabed. The peak toward the center is most likely due to leakage of one beam into the other. However, later in the time-series, an additional series of peaks appear. One hypothesis is that these are caused by the presence of sub-bottom layers that produce delayed coherent reflections. Above the critical angle, the seabed serves as a filter (in the signal processing sense) that is dependent on grazing angle. As a boat speeds past the array, the bottom arrival will sweep through a range of grazing angles. At each step, correlation with the direct arrival gives a noisy estimate of the impulse response of the seabed at that grazing angle. Thus, future work can investigate the possibility of performing geoacoustic inversion of the seabed reflection coefficient as a function of frequency and grazing angle.
GEOACOUSTIC IMPLICATIONS
CONCLUSIONS
This paper demonstrates and compares two techniques for localizing a small rubber boat. The latter technique involves an application of correlation processing that is applied directly to multipath arrivals from a point source radiator of broadband noise. This formulation is adapted from previous investigations into the adaptive passive fathometer which has been shown to be able to pulse compress echoes of surface noise reflected from the seabed, while rejecting interferers. In a sense, seabed echoes are akin to multipath arrivals of the surface noise, although that terminology is typically only used for point sources. The information obtained from correlating beams focused on the direct and bottom multipath arrivals facilitated estimation of the time-lag between them. This time-lag has important geometric implications, particularly in terms of range, and this was utilized to refine the location estimate of the target.
This study assumed a flat bathymetry, which is probably reasonable for the GLASS'12 experiment, but this technique is easily adaptable to a region in which this assumption does not hold. The raytracer used to estimate time lags would need to be configured with the correct bathymetry so that the bottom image has the correct location.
Future work can investigate the maximum range achievable through this latter technique. Furthermore, a study of the factors that affect performance would help define the efficacy of the technique in terms of target, receiver, and environmental characteristics. It is possible that additional peaks in the cross-correlation time-series may correspond to to reflections from sub-bottom layering. In general, a passing boat with known position could potentially be a valuable signal of opportunity for estimating seabed reflectivity as a function of frequency and grazing angle. Simulations using standard propagation modeling tools could be leveraged to shed light on this question.
Compact volumetric arrays, such as the Folaga, are proving to be effective tools for the detection of small surface craft. The extents of their potential usefulness have yet to be determined as the mobile AUV platforms to which they can be mounted could make them strong assets for remote monitoring activities.
